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A b s t r a c t

\\”( (Iiscuss the observed C- and l-band  polari]llctric  signatures of thin lead ice in one Syn-

I Ilct ic ~\pcrture  l{adar  (S AR) image based on the mpccted  ice properties and results from

:1 scat tcri[]g  model. in this paper} ;ve focus on thin ice with thicknesses in the range of O-

IO C1ll. ‘1’he layered scattering model used here allows for the inclusion of surface and volume

~(at 1 cri]]g contributions from a slush layer, an ice layer ancl roughness at the interfaces. l’he

~(~llsitivity  of tile signatures to the model parameters is explored. A highly saline surface

~l(im lornml  on the top surface during ice growth significantly affects the electromagnetic

l)] (Jp(’1’ties of the medium and helps  to explairl  the magnitude of the co-polarized returns

(11 Iligll  incidence angles. Based on these nlodel  predictions, wc clelnonstrate  an approach

[() I(’( ricve  the icc thickness from polar imetric SAR observations. l’he approach includes

t I)(, trai)~illg of a neural network with Inodel  predictions and using this neural network to

~’\I ililatc  the ice thickness distribution using polarimetric observations from SAR data. ‘1’he

r(sults  from this ice thickness retrieval ]~rocess are discussed.



1 Introduction

‘I LIII)UICIIL  l]cat  flux from the ocean to tl]e atmospheric bounclary  layer  is a function of sea

i(( tl)ick]lms  \vit}l  an especially strong dcpcndenc.e  on sea ice with thicknesses in the O-

1 O[lcm rallge[~lfaykut,  19S4]. \\7itllin  t h i s  r a n g e , the heat flux can increase by at least an

f~](l(’r  of lnagnitude  as the thickness approaches zero. ]~vcm though tile  area] fraction of thin

itc’ is small  (2-:3%) in the Arctic, the integrated Inaguitude  of flux through this ice can be

(olllparable  to that of the thicker ice types. ]n addition, the brine flux into the ocean is

;1]so  ilnl)orta]lt clue to the growth rate at this thickness range. To date, operational airborne

01” sl)aceborne  sensors have not been able  to ~JrOVide  direct  observation of ice thickness.

]IIstcad,  coarse ice type categories derived from remote sensing data have been used as a

l)rc)xy  indicator of ice thickness. IIowever,  it is still  difTicult  to unambiguously discriminate

t Ii(, (Iifferent  tj’pcs  of thin ice froln  active or passive microwave measurements [~(wok et

~{1.. 1 !392; ~avfllicri  C( al., 1 991]. In Jlarch 19S8, a  mult i-frequency polarimctric  SAR was

ll(j\\Il  o]) tile  NASA  lIC-8 aircraft and collected data over Arctic sea ice cover as part of

(li(~ SS\J/I  validation campaign. Obser\atiom  fronl,  the polarimetric  SAR data indicate that

i ol)ll)illatioI]s  of frecluency  and polar  izatio Il cllhance our current capability to distinguish ice

,j/’ (ii(~crent  I)roperties  [I)r2nkuw/er  ct al., 1991 ; l(wok  ct al.; 1991).  Mgnot a n d  I)rinkwater

i I !)!):3] have evaluated the extraction of ice type  fro]n  multi-parameter SAIL data and discussed

1 I](I lilllitatioll  of single-frequency and single- I)olarization  SAIL modes for spaceborne SAIL

.(llsors.  lIo\vever,  the retrieval of ice thick]less  from polarimetric  SAR data have not been

,I(l([rcssccl  mainly due to the lack of coi]lcidctlt  surface measumnents  during t}le SAll data

,I((]liisitio]]s.

l(lcallj. all ice thickness retrieval process should  be based on a theoretical understanding on

lI,)\\ t I]c microwave polarimetric  signatule  of t hill ice is affected by its physical and elec-

1 r(~lllaglletic properties. ‘1’hen, an invcrsiol)  l)roccss  can be mechanized to estimate the ice

[ I]iclillms from polarimetric  observations. In tile  context of thin ice, very few field measure-
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l~)(,nts  of the properties of thin ice arc at’ailablc  [Car and J1’ed-s,  1974; Goro et al., 1990] due

(() itS il)a CCC% Sibilty  and fragility in its hat U1al CI)virOIIII)CIlt. Detailed ice characterization

(Ia[a  IIavc been  obtained from artificial sea ice grown during the indoor and outdoor Cold

Iitgions  liescal;cll  and Itl}ginecring  I,aboratory  I:xperirnents  (CI{I{}’;I,I;X) and  these  cxPer-

illlc]lts nave  contributed to the pace al]d ullderstancling  of modeling and characterization

<,ll”t)rt. 1]~ this paper, we combine the l)ropcrties  of thin icc available from field and labora-

tory ll]easurements  and a scattering model to explain the polarimetric  radar obserl’ations,

IIased  011 the model results, we explore an approach using neural networks to retrieve ice

t llickl~ess  from the radar nleasurcmcvlts.  In recent years, neural networks have been applied

:is llo)l-linear  estimators for inversion of lIILllti-diIl~erlsiox)al  models. l’sang  et al. [1992] have

,Il)plied a neural Iletwork  to il)vert  snow parameters from I)assive microwave remote sensing

[Il(;is(!lclllc[lts.  It \vas poi Iltecl out that a(ter the rletworlc  is trai Ilcd with input-output pairs

g,(,ll(~latcd  bv scattering models, the co Inl)utational  requirements of the inversion process is

I(I j. small  compared to traditional tech  Iliqucs. lluynh  et al. [1993] have dcInollstratecl  t he

l)otclitiai  usc of IleUrZLl networks for retrieval  of ice thickness from simulated radar data

:111(1  llavc studied the rot)ustncss  of the Ileural  :Ictwork  to speckle. llere, we irlvestigate the

:Il)l)licatiorl of this  technique to real polar i]netric measurements.

I“I]c lollowing  section provides a brief background on polarimetric  SAR  data and tllc  ice and

i~c~i~tller  conditions during the accluistion  of the clata used here. Section 3 focuses on the

Ijrc)ljc’rties  of thin ice, the modeling aspects and comparisons of the model calculations }vith

Iadar observations. Then, we discuss tile approach to ice thickness retrieval and its results

ill Section 4. The last section summarizes the pa~)er.



2 Data Characteristics and Calibration

2.] llackground

1 lit l~olarimetric  SA1t d a t a  u s e d  llcre ~~ere collcctcd  in March 19SS by the  INASA/IJC-S

lll(llti-frecl~lellcy  polarilnctric  imaging radar. lhc raclar  operates in P, Ii and C-band. F,ach

!rmlumlcy  cl)annel  has the capability of simultaneously collecting linear like-polarized (1111

a]ld V\~) and cross-polarized (IIV and VII) backs  cattcr data. q’he transmitter alternately

clli~.cs  the horizontally and vertically polarized antennas while dual receivers simultaneously

t~tord  the like-polarized and cross- l)olarizcd  ethos. In this manner, the scattering matrix

(,1’ (’\crj resolution element in an image is measured. ‘J’he spatial resolution of the 4-look

!i. \l{ data usecl  here is approximately [i.6ni  alld

(Iil(’ction. s, respectively. ‘1’hc’  range of 100li angles

\\’t define here the polarimetric  coefficients used

and 1 I m in the slant range a]ld azimuth

is between 20° and 70°.

in this paper. l)olarimctric  backscattcring

l)r(~ljcrties  of any distributed radar targc~ are describeci  by a covariance  matrix, ?7, contairli?lg

~t:tl  ~ering coefficients clefined  by,

4 7 1 ’2< Eti,  E;, >
Cr pTv K == $2, ~- ---“A—c-J E*I fi;~i

\\l Icr T f.’ is the electric field, A is the il]unlillatc’d  area, r is the radar range, the subscripts

~{, v, 7, alld  N can be h for horizontal or u for vertical polarization, and the subscripts i and

,. +t aI]d for incident and scattered waves, resl~ectively.  The components of the scattered field

i~~ the above ccluation  can be obtainccl  by measuring the h ancl the v polarized returns while

I lit, incic{ent  field is transmitted exclusively in h or v polarization. For a reciprocal medium,

1 II(’ covariance  matrix recluces to,

I

~},t,ht, ‘t, hhu ~hhuv

? = U:,LhL, CJt,l>hu Uhuuu

. .
u}, h 1,1, Qttll,u u Uuuu
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\~)l{’K! th~ diagc)nal  dWlerlt5  uhhhh, ~h,},,,, ancl OUVUU  arc t h e  convel”ltional backscattering

~’()(’ffici~l]t  UHJ1, OHv, and &v, respectively. For sea ice with c-axis having ranclom  azimuthal

ol’l(;]ltatlc)n,  ~hhht, = ~h~r~r~ = O [A’ghicm  (.i al., 1992]. Consequmltly,  the covariance  m a t r i x

contains  only five independent parameters: arr}{, o]{~’, ~vv, )k(OhhvU)  and ~??l(Uhht,V). Two

t)t ILcr frequaltly  used  parameters that arc derived from these cocfflcicnts  are,

< ohht). >— - — .
p  = v’======= ‘

I\llicl) is the complex correlation coefficient between the hh  and Zm channels, and,

< o~~v >~ = —.–—
< 0)])1 >

is {Ile ratio of the Inagllitude  of the  co -po la r i zed

[( ‘111:372)  used in this study is slioivII  in l’igurc 1.

,Iljl>lc)xilllately  17’20G\lrl’. A t  t h a t  time, the scmle

returns. The po]arimetric SAIL scene

‘1’llis  scene was imaged on llarch  11 at

was located at 73°1N  and 143° al)proxi  -

tII;ltely  ‘75-linl  northwest of the clrifting  ice station (described below). The color radar image

is (Iisl)layccl  as a three frequency overlay Jvhere the red, green ancl blue color composites rep-

1(’scllt  t]]e ]), I,, ancl C band frequency responses wit}l the pixel intensity modulated  by the

[ ot al l~ackscatterml  power. In this region,  ice conditions comprised of a mixture of first-year

( 1’}”) and rnultiyear  (h!>’) ice forms in this region of transition between the polar pack and

icf; [Drinkwafcr  et c21., ]99];  Cavalieri  et al., ]991]. Visually, the rounded

as blue are typical of OICI ice signature (in winter conditions) where the

clominant.  ‘1’he linear features (yellowish) are ridged or rafted first year

of the image contains first year ice of higher bacliscatter  and the thin ice

ii) tl)e leads  which have the lowest backscatter  in the scene. It is the ice in these leads which

\v( focus on in this study.

2 . 2  Weather

\\”(~a thcr a.l)d sea ice

l)lljsics laboratory

and Ice drift

data were collected ill 31arch  19SS within a 150-lim  radius of the Applied

(APL) drifting ice station  (AI) I. IS’88) approximately 350-km north of
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I’rudl)oe  I\ay,  Alaska. l)aily air teI]lIJcraturcs,  at]nosphcric  pressure, wind speed  and ~vind

flir~ctioll  wmc recorcled  at the location of the ice camp and are reported by }Vcn ei c21,  [1989].

‘I’l Icw records provide the most reliable clescription  of the Inesoscale  meteorological conditions

ill [lie rcgioll ~vllcm  aircraft remotely sel]secl  data were  accluired.  Wind speeds on ilarch  11

i~( tile ice camp varied bet~vcwn 1 allcl .5 nl/s  frc)ln the south due to a low pressure systan

Itjcatcd  over  central Alaska. Air tcml)jeraturcs  fluctuated between -12°C and - lS° C on March

11, ivllile  the air temperature of the

l(() drift in the location of the scene

precedil]g  4-day period was -16“C.

was observed to be largely westward cluring  the period

~Jt’ t)lxwr~ations.  Ilrift speeds recorclccl  at AI)1,1S”8S  indicated that bouts of rapid ice lnotion

;ItI{l  deforll]ation  Jverc correlateci  with periods  of Iligll  wincl  speeds. On the clay prior to which

I I](J SCCIIC ivas il}laged, winc]s (measured at 31n height) of approximately 7- SIIl/S had bCCW

recorded ancl the sca  ice cirift  pcakedat  32c In/s w}lich  was the highest drift s~)ccd recorded at

.\ 1’1,1S’SS during the months of hlarch and April. Divergent ice motion was responsible for

il]:llly  llew cracks and leacls imaged on h4arch  11 (the SAR data from Figure 1 was collected),

itli(l  Ilc\v leacls were rapidly freezing under tile  cold couclitions.

2.3 I)ata ~alibration

l’t~larilnetric  Incasurements  of all

(Ii:, ital]y  by the radar. Scattering

clelnents  in the

matrix clata  arc

complex scattering matrix were recorded

subsequently processed, wit}l proper c.on-

~i(leration  of polarimetric  calibration, into the co~’ariance matrix output described previously.

I’ijr al)solutc  calibration, cwv for LIY ice is set to be the same backscattcr  as that observecl

Ijj ( ‘-ba]~cl VV ltRS-1  SAR [liwok  and  CuunilLg}iam, 1993]. At I,-band, the absolute scale

\Yas set }vith  corner reflectors Iocatecl near IJairbanks,  Alaska. A technique[  Yueh et al., 1992]

~~ltich exploits the reciprocity ant] synllnetry  of t}]e scattering targets was used for polari-

tllet ric calibration. This method calibrates tlie  polarimetric  data in amplitude and phase

llith  solutions based on exact relation  s]lips for scattering coefficients derived with symmetry
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~,1’oll])s  and is Yalid fo r  all scattf?ring  l]le(’~lanisl[ls  [,~g}~ic?n  cf al., 1992a]. l’his method works

iy(ll for sea ice due to the azimuthal sylnnmtry  as a result of the ranclom  oricrltation  of the

(-axis  of tile ice crystals.

3 Characterization of Thin lce

3.1 Thickness of Lead Ice

Ill this section, NW discuss the thickness of the ice in the leads.  Although w~c CIO not have

(Iir(x’t s~lrfacc measurements of the thick ucss,  the evidence of the thickness range of the icc

is ,\iI’cli  by the ~~’cather and icc conc~ltions  desclil)cd above and the almost c.ontemporancmus

Iligll  resolution passive microwave observation of the same scene during  the hfarch  1988

Ilig,llt ca]n])aign. These passive microwa~’c observations were collected by the Naval Research

I.:ll)oratory  (previously INOI{IIA) 1{~ bancl scalllliig  radiometer systcm  (KI{MS)  [l~ppler ~i

,(1., 19S6] which  was flown on the RP-3A aircraft. On hlarch  11, the passive sensor was flown

[)11 tile same heading, approximately 10 lninutes  ahead, as the NASA DC-8 aircraft. F’igure

2 ~i]o~vs  the KRIIS image of the scene,  prese]lted with the contrast reversed i.e. the pixel

iilliles  in the image are inversely proportional to the radiolnetric  brightness of the sea ice. The

rounded  floes which correspond to multiyear ice have brightness temperatures in the range

01’ 1 (i;- 17’.5°1{  and the various types of first year ice are radiometrically  warmer (darker) than

\l}” ice, ‘1’lle brightness temperature of t Ilc lead ice in the scene is between 150-200°1f.  The

Ialiabi]ity  of the brightness temperature in tllc 4 leads are shown in Figure 2. We extracted

~lata samples for these four leacls  from both tl~c SAR and KRh’l S data. It was observed

( Iia[ llilas (0-10cIn)  associated with IICJVIY frozen  leads and bodies of open water span a

Ifidc  range of brightness temperatures, starting  from the brigthncss  temperature of water

( I-i.j”li), that coincide

i((’ (’220° K) [Epplcr  et

chiefly with that of old ice to the brightness temperature of first-year

al., 19S6]. A direct relationship between the brightness temperature

(i



and ice thickness appears to exist for IIC}VIJ. formed ice, such that the brightnms  temperature

increases rapidly ~vith  sInall  increases in the ice thick ~lcss [1.’pplcr  et al., 1986].  IIowever,  this

relationship }vas not, quantified in their study clue to the lack of surface measurexnents.  The

])li:,l)tness  tclnperature  of light nilas(5-10cIll)  was observed to be over ZOO*K, which suggests

I IIat tl]e ice iIl the leads is in ap~jroximatcly  the same range.

3.2 Ice Properties

$’({/;  rli/fJ/B7’inc  Inclusions. I:ield measurements in the ~leaufort  sea indicate that thin ice

\rit 11 a thickness of a fe~v ccntilneters  caIl IIave a salinity as high as 16 parts per thousand

[c o.r and 11’ccks, 197i/].  I/or ice lCSS tha~, 0,4 m in t h i c k n e s s ,  Cox and W i n k s  [19’74]  have

tOu IId an empirical linear relationship for tile  salinity S (in part per thousand - ppt) given

1)~ ,$’ == ILI ,24 – 19.39h  as a function of thickness  h ( in  me te r ) .  Th i s  r e l a t ion  sugges t s

salinities of 12.5-14 ppt for the thick]  lesses (0-10crn)  considered }Iere and wc variecl  the

siilillitics  according to this relationship in our  Inodel.  At an average ice temperature of —il° C

~))rinkuwtcr  c1 al,, 1991], we calculate the volume  fraction of brine inclusion to bc 10% based

~)11 t lie equations of COT and Ilrccks [1 9S3] with tile  assumption of no gaseous collstitucnts.

Ill (Ilis case, the relative permittivitics  arc (z, =: 4,5.3 + 244.8 [Stogryn  and  Desargent,  19S.5]

{’or tllc  brine  inclusions and ~zb = 3.15 -{ i(J.0013 [ Vant C( ai., 1978; ~iuri ct al., 19S4] for

i~c I)acligrollnd  at C band. At L band, they are C2~ = 57.3 + 2103,0 [Stog~yn and  Dcsurgcnt,

l!)~.~] and  Czb = 2.95 + 20.0014 [1/’Uf/JLs, ]{)~,j;  ‘J’itlri  et a]., ]9~4] f o r  the brirle  illclusioIls  arid

i(t ljacligr~~lnd,  respectively. The ellil)soidal  I]rille  irlclusions  in thin ice are described ~vith

(orrc!ation  l eng ths  o f  & = tzY~/? = &z,I/T.5 = 4.0 x 10-4 m and with the long axis  being

if’rtically  aligned or with an orientation proba})i]ity  density p(~~, #J) = 6(~~)/(47r) where q]

;ind o are tile Eulerian  angles  and 6 is the delta function.  I t  has been observed during

I lie l,cad  l~lxperiment  (I, EA1)EX, 1991 and 1992) that there exists a thin and highly saline

-,([rfacc  skim on new ice [Rz’chier-ilfcngc  and  }Jerovich,  1992] as a result of brine rejection

[Illring  ice formation. l’his surface skim is on the order of millimeters thick composed of ice



;(II(I brine with salinity as nigh  as 100ppt.  Iluc to this high salinity, the surface brine Ia!’er

I]as a nigh pcrmittivity  ancl significantly affects the microwave signatures of thin ice. ‘l’his

I)lillc ]aYcr \vas included in our composite scattering model to explain the trends observed in

1 lit’ (’- aIId 1,-l+  and polarimctric  scatterillg coefl’icients. This brine surface skim is assumed

to IJC a Illixt,  ure of ice ancl })riIle with a tlliclinms  of 1.2 x 1 0–3 m and effective permittivities

of (Iefj = (12.9  + Z9.2)C0  at C band  and  ~l.ff = (15.9 + 221.1)c0 at I, band. ‘l)hese  a r c

(stilnatcd by the Polcler and van Santcm’s mixitlg  formula, which can be reduced from the

S( rol)g fluctuation results under the low frequc~lcy  limit [ Tsang  et al,, 1985], for spherical

~(~~t (ercrs \vit}] fractional i’olumm  of constituents calculated from tllc  salinity in the brine

lil)(’]. \:OlUJnC scattering in this thin ancl lossy layer is igl~ored  in the present model. l’or sea

\\ ’tl Ier, t.l]c relative perrnittivities are obtained from the results of I(lcin and Swift [1977].

.s1/ 1:/(lee Rollglhncss. At the interface between t~le air and brine layer,  wc assume a roughness

\vit 1) a height standard cleviation  of LTOI, = S.0 x 1 0-4 m and a correlation length of &l, = 0.1

[Ii ~vllile  the interface between the brine and ice layers was assumed to be smooth. ‘1’he

II II(l(rside  of t}lc ice ]tlyer naturally has some small-scale roughness which  has not been we]]

(l~alactcrized  for Arctic thin ice. III the Cold Regions Research and Engineering Laboratory

l;xp(ri]nents  (CI{I{I;IJI?X),  saline ice has been grown in a laboratory environment to simulate

1 I)ill  lead ice. Roughness measurements of the underside of this ice has a height standard

{Itiiation  023, of approximately 4.8 x 10–4 m and correlation length t23, of approximately

,$. ! x 10-3 111 [0/1s/0//,  1990].

:).3 Model Results

l’igurc  3 sho~vs physical parameters used in tllc  layered configuration of the scattering model.

‘1 he predicted C-band and L-band res~llts  for a range of thicknesses (1, 3 and 5cm)  are

Sll O\ VII iI) IJigure  4 . In the moclel, we vary  (he thickness of the ice layer, ‘1’he sal ini ty

,111(1  brine distributions vary according to the elnpirical  relations discussed in Section 3.2.

s



‘1’llcse variations result  in changes of the ice anisotropic  effective pcrmittivity,  which affect

])1’(J])~~atiC)I)  velocity, attenuation and scattering ])roperties  of the sea ice. If the ice layer’

I IIickllms is assumed to be uniform, the backscattcring  coefficients oscillate as a function of

[ llitk]~ess  d uc to the coherent interfererice of waves from the layer interfaces. Because sea ice

(IOCS IIOL have uniform thickness in nature, t}le information provided by the backscatter-ing

~cjcfficic]lts  usually represents the average thick  ]lcss of the ice over  a certain range. IIence,

iv(’ CIMIIC the ice thickness clistribution,  f(h), dcterrnincd  by a single parameter  gamma

tlistribution:

f(}, ) == WV
}1

ifllrrc I;( h ) == 2}/ anti IL is the thickness at ma~[~(h)]. ‘l’he model results in Figure 4 have

IJ(YII co]lvolvcd  with this clistribution  function. \Ve note that the backscatter  coefficients are

Icss sensitive to changes in thickness at L-band. 1+’igures  5 and 6 compare the model results

l\ith  actual polarimetric  observations, ‘1’he model  results are obtained with the same set of

i [11 JIIt parameters for C- and Ii-bands. ~{adar observations were extracted from the four leads

1 t) rllaracterize  the incidence angle dependence of the polarimetric  parameters. ‘1’ypica]ly,

(’acll data point represents an average of ot’er .50 data samples. We also note here that there

to(ild  be variability in the ice thickness in t}le four leads as is evident in the KRNIS  clata,

~tj t IIc i[icidence  angle trend may not be representation  of sea icc with an average mean

t Ilicklless, The superimposed model predictions are from ice with h = 5cn1.  At C band, crvu

{I(creascs  by approximately 5 dB ol’er tile  range of incidence angles  while ~hh has a steeper

>10])(’. Ovv is higher than uhh and the co-polarization ratio ~ is small  at low incidence and

call be larger than 3 cIII at high incidence allgles. These copolarized  returns compare well

Ivit 1) the model calculations except that the lnodel  calculations are lower at low incidence

al)gles.  ‘1’hc cross-polarized returns also cc)mpares  well although the model calculations are

a lit tlc  higher than the observations. In this model, the cross-polarized returns are caused

l)) tllc  ellipsoidal shape of the scatterers. ‘1’he magnitude of p at C band is low compared

1 t) 1 hat obscr~’ed  for first-year and multi-year ice [Zhinkumicr

il)l.lcpcndcnt  of incipience angles where tlic  observed values of

9
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0.3 to 0.6 are lower than the



talclilatcd  values  of about 0.65. \Ye attribute this to the low returns from thin ice at C bancl

aIld the dccc)r’relation  effect of noise is more severe []{wok et u~., ]992].  ‘~hc observed and

tl~odcl  calculated phases of p are small and show a slightly decreasing trend. At 1, band, the

((J lJol~irizcd  returns C7t,l, and ah~ decrcasc quickly as a function of incidence angle and the

(~~l~olarizcd  ratios ~ are large at nigh incident arlgles. The cross-polarized return is a weak

f~illctio]]  of il~cidence angle. These conventional backscattming  coefficients colnpare  well with

I IIC lnode]  calculations. In constrast  to the behavior of Ipl measured at C band, Ipl at I, band

clearly shows a decrease in magnitude with  increasing incidence angles. l’he phase of p at

1, ba]ld  is small  and a weak function of incidence. Both the magnitude and phase of the

toil~plex  coefficient p compare well with the model  results. In general, the calculations from

[ ]lc (omposite  mocle] compare tvell  ivith  the trellds  observecl  at both C-band alld L-band.

3.4 Discussion of Model Results

I’(jr  il]tcrprctation  of the polarimetric  backscattering  signatures of thin ice, we dis&rss the

~t:it  terillg  mechanisms in the layered configuration used here. If the total scattering is com-

I)l(((>ly  due to the volume  scattering wit]lout  surface contribution, the 1,-band backscattering

(~)(,flicicnts  UUI, and uhh are too low especially at low’ incidence and decrease too slowly  with

i]]cidc])cc  allgles  in cc)nstrast  to the experimental observations as seen in Figure i’a. Further-

[Ilole, the nlode]  calculated Ipl does not have  the strong incidence angle dependence observed

ill the data as presented in Figure ?b. At L- band,  the surface scattering is dominant at small

i]icidcllce  angles, is comparable to the volume scattering at about 30° incidence, and has

[Ilt)(lerate  contributic)n  at larger inciderlce  angles. ‘1’he surface scattering also contributes to

~ II(’ total scattering at C ,band but the contribution is smaller for the roughness considered

lIcre. 011 the other hand, surface scattering alone without the volume scattering cannot

tsl]lai]] the low values of Ip] in the observaticjlls  at both frequencies (Figure 8). l’he small

[p [’s arc due to the clecorrelation  effect of the ellipsoidal scatterers in an anisotropic  layered

I onliguration.  [Jncorrelated noise in the radar chan  Ilels can contribute to this decorrelation;

10



Iioiirvcr,  an unrealistically large amount of Iloisc  in the co-polarized signals is l]ecessary  to

tlt~cr<’ase  tllc  Ip] calculated for surface scattering alone to the level observed in the data.

If’ t tic scatterers become spherical, the vertical alld  horizontal returns are more correlated

d~ s~lggmtul  b y  tile  larger Ipl i n  IPigure  9. ‘1’bus, the decrease in Ipl at 1. band is due to

il ~ollll)inatioll  of the effects of surface roughness and ellipsoidal scatterers. P’or t}le highly

~iilille  surface skill] layer, the effect of tl~c high pcrlnittivity  enhances the reflection of the

<Il(Jrgjr  it] thc~ Ilorizonta]  polarization rather  the vertical. Consequcmtly,  the translnission  in

1 llc horizontal polarization is less, reduci]lg  the baclwcattering coefficient a~~ relative to 0,,”,

aIId tl)lls the co-polarized ratio y becomes larger especially at higher incidence. Without

[ ]li~ lJI’iIIC’  ]d~el’, the  calcu]atecl  ~ at C band is less than 1 dll at about 50° incidence while

[ II(> IIIC radar measures more than 3 cIII. .\t I, band, without this brine layer, the trend in y

i. (lCII reversecl  for Inodel  results with j < MI) $vhi]e  the radar data are about 3 dH at 50°

il)[i(lc]lce.  It seems  that the brine layer \vas important in explaining the observed values of

t II(, coljolarizcd ratio ?.

1’0 study tllc  uncmtainty  clue to the corrclatio[)  lcllgths  of tile  brine inclusions, a simulation

i, (arricd  out by varj’ing  the correlat ion Ie[lgtlls by factors of 0.75 and 1.25 (or +2!5%).

I Ilc results arc l)rescnted in l’igure 10a for C: I)and alicl Figure 10b for 1, band. ‘l’here are

[ Ill’(’(i  CII1’VCS for Cc3Ch of the backscattcl’i[lg  c o e f f i c i e n t  ~Vl,, uhh, or ~hu. ‘1’he middle  curve

i> ~alculatcd froJn the correlation lengths used in tile  clata  comparison, the upper is for the

~,;(~, illcrcasc, and tile  lower for the 2,5% dmrcase. ‘1’he plots show that the backscattering

coefficients at 1. bancl,  compared to C band,  are Inc)re sensitive to variations in the correlation

I(llgtlls  ~vhich may in turn contribute to tllc  larger fluctuations in the L-band data. fiforeover,

1 I1(s copc)larized  returlls cruv and u},), at ], band Ilave smaller variations at smaller i n c i d e n c e

,IIIglm  as compared to the effect on the cross -l)olarizcd  return ~kv (Figure 11 ). The reason

is [l)at  all tile  cross-polarized bacliscatteril],g  coefficient is calculated from the ellipsoidal

~[iit t rrers ~vllile  the co-polarized returns collt ai[l  contributions from both volume  and surface

~(attcril]g.  l.-band returns at smaller illcidcl~cm are also sensitive to the rough surface
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\)a IaII)ctcrs  s u c h  a s  the llcight  staridad  dcf’iatioll  a n d  the surface  correlation  l e n g t h .  llme,

tlI(~ uplm  interface dominates the signature so tllc  co-pol  returns contain little information

al)ollt  tllc  thickness, especially at low incidcvlce angles.

4 Retrieval of Thin Ice ?’hickness

4.1 General Approach

,\ llc~lral  llct~vorli  is used  as a non-linear  mtilnator  for retrieving the mean ice thickness. ‘1’he

:Il)l)roacl)  illustrated in l’igure 1 1 . ‘l’he scatteril]g  model described in the preceding section is

ll~{~c] to ge[lc~rate  the polarilnctric  scattering; coefficients of sea ice with a range of thickness

lJ,Lt\\wI)  O-1.5cm  a t  t h e  (’- a n d  IJ-band, ‘] ’he fii’e polarimetric  coefficients used here are:

0[[}[, u~lv, ov\’, RC(CrMVV),  and  lnz(ok~U,). ‘1’his  dataset provide the input-output pairs

to ‘t rain’  tllc  neural network such tl~at the resultant network would provic]c an estilnate  of

( l){, t IIickncss \vllen presented with a set of polarimctric  scattering cocfflcimlts.  It should be

Ilot(’d  llcre that this is not a clircct inversion of a scattering model in the traditional sense.

,\s discussed before, we focus on the lead ice by lnaskiIlg  out the thicker ice types using a

~i]]]l)le icc type classificaiton  scheme described in [Ii-wok  et cd., 1992],  ‘1’he mask for the scene

is 51]OJVII  in Figure  h a .

4.2 Neural N e t w o r k  Descriptio]l/~ai]~i~lg

IIUVRIJ  (1 a]. [199;3]  have investigated the l~otentia]  application of neural nct}vorks (YX) for

I(I lic~’al of ice thickness by demonstrating the effectiveness of NNs as non-linear estimators

if”ll(’]1  ljrescnted  with model-gene’ratrd polarilllc’tric  scattering coefficients. ~Iere, we follow’

{ I]CJ same approach in the design  and it~ll>lerllc’rltation  of the neural network. Ilriefly,  the



li~~ural  nctfvork  consists of an input la~’el,  an out~~ut layer  and two hidden layers with the

tiodcs  in each  layer  connected to each other. ‘1’he number  of input nocles  for the input

la~(r equals  tile nulnher  of input, elements. In t!lis case, the inputs are the five polarimetric

l,:l~kscattcv  cocfficicllts.  l’hc number of Iiodes i]) the sc’colld  and third layer are 10 and 30,

r(slwctiiely.  ‘1’here is only one out])ut  node, since the a~wrage ice properties are functions of

itr t llicklless,  which provides an estimate of the thickness of the ice given the polarinletl  ic

c)l>sc’rJ’ations. ‘1’hc backpropagation  propagation algorithm describcxl  in [Lippmann, 1987]

\vas used  for training the network. ‘1’he algorithm uses the gradient descent method to

ilcljllst  the connection weights through an iterative process which minimizes the difference

I)(I if’cen the actual and the clesirecl  output of net~vork. After the network is trained, a given

t laillillg  input  can bc mappecl  into the desired output with an error rate which is defined by

( II(’ convergence criteria.

‘1’IIc backscatter  coefficients for training the NN were generated by the scattering model

(Icscribed  l)rcviously.  The thickness and salinity are dependent parameters, which have been

(olit)d to be linearly related to each other as discussed in Section 3. IIence, we relate the

~,ili]lity  (ill parts per thousancl)  given by .5’ = 14.24 — 19.39h  with the thickness h in meter.

I’11(>  variations of the ice parameters in tile  training  datascts  were cliscusscd  in Section 3.3.

lit tllc training  dataset, each of the five bacliscattming coefficients can differ from one another

1~~ several  orders of magnitude. l’he effect of this is that, within the network, some coefl-

ticnts  can be weighted more than others. To normalize the inputs, all elements are scaled

1,) l~ct~vccn –1 and 1 so that they have the salnc  order  of magnitude. ‘1’able  1 shows the

1 iio sets  for incidence angle dependent norllla]ization  factors for the L and C-band scattering

{ocfficicnts.  ~~rhen the NN is used in the cstilnation  mode, these normalization factors are

Lisrcl to scale the input data. Therefore, tllc> relative scaling between the polarimetric  radar

~l)allncls are preserved. \Ve account for tile varving  polarimetric  signature with incidence“

allglc  by ha~’ing  separate neural networks at :3 degree intervals, Figure 12 shows the the nor-

IIl:llized  backscattering  coefficients versus tile  average thickness at the two frec~uencies at the
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ill fidcncc  angle of 40°. The errors  in tile estimation of ice thickness after 70,000 iterations

I Illough  the baclipropagation  algorithm are sho~vn iJ] I~igurc 13.

4.3 ]Letrikval R e s u l t s

\\’c evaluate our approach at the individual frequencies to estimate average ice thickness as

il function of incidence angle since the calibration as well as the scattering c.oefflcients  vary

a~ a ful]ction  of this parameter. Even  though there is uncertai~lty  in the actual thickness,

it{ rxpcct the process to proviclc consistent estilnatcs of the thickness except for the effects

U! lrlative calibration between tile frecluency  channels (which

;is illcfflcacics  in the scattering model at ~’- and 1,-bands.

could introduce biases) as well

I)t[rirlg  the inversion process, the input  )Jolarinwtric  coefficients to the NNT are forrnecl by

,iI{,ragin,g  the polar imetric  coefficients of all the lead pixels within a 3° incidence angle range

(<, reduce effect of speckle on the inversion ljroccss. \Ve found that speckle introduc&  a large

itat  tcr in our thick  ~]ess retrieval schelne  and sirlce there arc very few lead pixels in the image,

itc resorted to averaging with an incidence angle range. The overall ice t}lickness  distribution

()[ the sea ice in the leacls obtained with our retrcival  scheme are shown in Figure 15. Within

fach frec~uency,  the average thickness at each of the the 3° incidence angle interval is shown

ill l.’i,guve  16. ‘1’he results from the near range incidence angles (less than 35°) are not shown

Il(rc  because some of the radar data are saturated in this range and saturated the network.

\\’c do Ilot show the retreived  thicknesses froln

( II(T rcsu]ts  to be valid below 40° incidence, }vc

l,- bal]ds,  the estimated average thickness of tile

the 1,-band  data because w~e do not believe

discuss this further below, At both C- and

lead ice is between 6-9 cm over the irlcidcnce

iilljglc range, w’hich shows consistency in tile  process. We base the following discussion of ttle

1 (’suits on ~<’igures  16 and 17. \\’e attelllpt  to point out some of the salient points with the

1( ’alization  that this is a demonstration of a ]Jmcess using one dataset and that an in-depth

iil)al~sis  is only justified for a larger datasct has been analyzed.
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l:irst, Jvc discuss the discrepancy betw’ecw  t]lc! shape  of the thickness distribution k~etw’een

l.-l)and  ancl C-band. ‘1’he I.-band distribution terlninates  more abruptly than the C-band.

\\”c noted ill Section 3 (l<’igure 4) that the sensiti~’ity  of the 1,-band signatures to increasing

1 llic]; l)ess dccre,asc  rapidly when t}lc ice is nmre  t,~lan .5 cm thick. .’\t I,- band, surface scatter

(l~~lllillat,cs  (]:igure  ‘i) except for ]ligher  incidence angles. As a result, tile  IJ-balld  retrievals

ifu(lld saturate beyond a certain thickness w~llicll  scwIns to be indicated by tile  distribution.

Xcxt, \ve discuss why the lower incidence angle (less than 35°) thickness retrievals are invalid.

\\’tJ  attribute the failure of the process to inefficacies  in our model  predictions and deficiencies

ill ollr retrieval  p rocess . At lower incidence a]lglcs,  the moclel  outputs do not match the

Ijularilnelric  ol)servations  as well, especially at C-band. q’he lo~ver  incidence angle surface

..t’a[  (cl contribution at the C-band wavclcllgth  is probably not w’ell-modeled  w’itb  our current

~C,t of Ij])ysical parallleters and hence we obtain discre~>ancies in the calculated and observed

I(SII]t S at c~-bancl. Additionally, higher order scattering may have more contribution at

(’-l)alld.  \i’e attribute the poor retrievals results from the I.-band to the behavior of thin

i(()  sigl)aturc  as  wel l  as  tllc b e h a v i o r  o f  tllc’  rdrieval  p r o c e s s  (1’igures  6  ancl  12) .  III o u r

.CII(II]P, each  polarimetric  coefficient is normalized indepenclcmtly  of each other. \Ve lli~~e

tl~)t takcl~ into  account the signal-to-noise ratio of each measurement, the effect of which

i~ tu col]fuse  noisy signals as significant  discrinli[]ators  in our process. ‘l’his is the case

<it 1,-bancl, where the ret rieval  process is more clcpendent  on the polarimetric  cocfllcients

111~( }1/1  V’\’*  ) and H }~, both of which are close to the noise floor of the radar. In contrast,

( ‘-ljanc]  has significant cross-pol  (11P’) returns due to volume scattering and therefore the

rcl ricva] process is more sensitive to the co-polarized responses. ‘l’his may bias the retrieval

lJIOCCSS to better performance at C-band. \Ve also examined the sensitivity of the retrieved

( l~icknesses  clue to calibration errors to evaluate the robustness of the process. !l’he reslllts

troll]  biasi]lg  the input data by +Idll is s}iown  ill k’igure 17. The effect is indeed small.



\\’e IIavc summarimcl  the ice properties of thin sra ice in the O-10cm range. These properties

l\tr(~ ~iscd ill a’ scattering model to cxl)lain  tllc  ~Jolarimetric  signature of t}lin  ice acquired

I,j tllc  NASA/ I)C’-S radar. ‘1’he thickness of tllc  thin ice in the leacls is supported by pas-

.si \“c observations from tile  KI{N1!S sensor, ‘1’hc layered scattering model we used here were

toil f’igurcd  ~vith a surface skim layer al]cl an ice layer on top of a half space of sea kvatcr.

‘1’IIc surface roughness betfvcen  the iriterfaccs  as well as the volume scatterers i~l the ice layer

lV(>IC Il]odelcd,  (’otn~~arison of the l)olarimctric  obser~’ations  with model output showed that,

i)] broad terms, the mode]  calculation predicts the signature of thin ice quite, well especially

in tl~c incidence angle range between 35° and 45°. We llote  here that there is probably a

II]ixture  of thin ice with different thickness in the leads and as such we do not have the pure

sigllat~lrc  of a lead  with uniform a~~eragc thickness. We attribute some of the discrepancies

iic  observe between the moclel  calculations and radar measurements to these thickness vari -

:11 ions. l’he  significance of the l]ighly sali]le  surface skim  layer  on the polarimctric  signature

\\as ~)oilltecl  o u t . Its effect on the magllitude  of. tlie  co-polarized ratio at high incidence

;~l~gles  is an important signature and discrimator  for thin ice. Based on these moclel  results,

IVC (Iclnonst,  ratecl  an approach to retrieve thin ice thickness from polarirnetric  SAR  data. An

il~lportant  step in the approach is to mask out, the thicker ice types such that the retrieval

l)rocess  can focus on thin leacl  ice within a Iilnitcd  range of thickness and signature charac-

t t’rist its. ‘1’he inversion process was Inechallizcd  with a neural network trained with a range

of i[lput(polarimct  ric coefficient s)-output(ice  thickness) characteristics. The stablizcd  net-

ivc~rk  catl then speedily retrieve ice t}lickncss t~’llen  presented with polarimetric  observations.

‘1’l)c results ancl moclel predictions secm to indicate that C-band  performs best in the thick-

l](vw range O- IOcm due the scale of tllc  thiclil]ess  to the wavelength and the corresponding

l~llysical and electromagnetic properties of sea ice. ‘1’he L-band model calculations seem to

ill(licatc  that the polarimetric  measurement JVOUIC1  be less sensitive to ice thickness at the

r;i)lge (0- 10cm).  We have not investigated the cent ribution  of the the individual polarization
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(ocfficicllts  to the retrieval process. \f~e plan to fu[thcr  our investigations with polarimetric

scattcro]netcr  measurements and ~~’ell-cl~a  racterized  ice properties from future field experi-

lllcl~ts  and laboratory measurmcnts at Cold l{egions  l{esearch  and Engineering Laboratory



A c k n o w l e d g m e n t

‘Illis W’ol’li

(),P, y uIlder

\vas carried out at the Jet Propulsion I,aboratory,  California Institute of Technol-

contract with the National Aeronautics and Space Aclministration.



]lmferences

~’a[alieri,  IJ.J., J .  Crawford ,  hf. R. I)rinkw’ater,  I). ‘1’. I~ppler,  L. D. Farmer ,  R. R. Jentz

a n d  C. c. \Yackerlnan. Aircraft active and passive microwave validation of sea ice

concentration from the I)hl SP SShl/1,  J. Geophy. hks, 96( C12), 21989 -2200S, 1991.

(’ox, G. k’. N., and W. F. Weeks, Salinity variaticms  in sea ice, J, Glaciol.,  13(67), 109-120,

1974.

(’ox,  G. l’. N., and W. F. Weeks, Equations for determining the gas and brine  volumes in

sea-ice samples, .J. G’laciol.,  29(12), 306-316, 1983.

llrillk Jvater,  N1., R. Kwok  and 1). Winebrenllcr. hlulti-frequency Polarimetric  SAR Obser-

vations of Sea  Ice, J, G’cophy. RM, $)6(C1  1 ), 20679-20698, 1991.

l;pplcr’, 1). T . , 1,. D. Farmer and A. W. I.ohanick and hf. IIoover.  Classification of Sea Ice

‘J’j’pCX \Vith Single  l~and (33.6 GIIz) Airborne Passive hficrowave Imagery. J. Gcophys.

}{cs., 91(C9)  10661-10695, 1!386.

l~vans, S. , Dielectric properties of ice and sIiow -- A review, J. G/aciol.,  5, 773-792, 1965.

(.;<J}V, A. J., 1). A. hlecsc, D. ]<, Perovich  and W. 1). ‘1’ucker III, The anatomy of a freezing

lead, J. Gcophys.  Rcs., , 95( C1O), 18221 -1 S232, 1990.

(;ow, ~\. J. ,  S. A. Arcone, a n d  S .  G .  hlcGrcw, Llicrowave

saline ice, Rep. 87-20, U. S. .Army Corps of Ijngineers,

];nginecring  I,ak)oratory,  IIanover,  N. 11., 1 9 8 7 .

and structure properties of

Cold Regions Research and

Iilein, 1,. A., and C. Swift, An improved moclcl  for the dielectric constant of sea water at

microwave frequencies, IEEE 7kalls. A nl~:nnas l)ropagat.,  AP-25(1  ), 104-111, 1977.

Iitvok,  R., N!. R. Drinliwater, A. Pang, and E. Rignot,  Characterization and classification

of sea ice on polarimctric  SAR data, ~nicrnational  Geoscience and  Remote Sensing

Symposium, Vol. 11, pp. 81-84,  hlay 26-29, 1991.

19



(;ray,  A .  I , . ,  R .  K. llaw’kins,  C. I;. Iii~ringston, I,. 1). Arsenault and W. hf. Johnstolle.

Simultaneous Scatterometer  and }ladiometer  hleasurernents  of Sea-Ice hficrowave Sig-

natures. lII;EE  J. of Occonic l.’ngr.,  OK-7(1 ), 20-32,  19S2.

lIuJnli,  1)., S: }’uch, S. hTghicnl and 1{. li~vok,  Application of neural network for retriev-

ing sca ice thickness from model-generated polarirnetric  scattering coeffkients,  J1,’EE

Trans.  GCOSCZ.  Remote  Sens., ,  subn)itted.

liwwk, R., l’;. Rignot, B. Ilolt  and R. G. Onstott. lclentification  of Sea Ice Type in Space-

borne SAR  I)ata. J. G’eophys.  ftes., 97 ((;2),  2391-2402,  1992.

I,il)pnlanll,  R. 1’., In t roduc t ion  to  Comput ing  wi th  Neura l  Ne t s ,  lEE1; Trans.  Acowt.

Speech Signol I’recess, 4-M, April 19S7.

l,i~”ingstonc,  C. 1’; ., K. P. Singh,  and A. I,. Gray, Seasonal and regional variations of ac-

t,ive/passive  mic rowave  s igna tu res  o f  sea ice, IL’J.W Trans.  Geosci.  Remote  StnS.,

GE-2,5(2), 1,59-173, 1987b.

lla>rkut,  G. A., Energy  exchange over young  sea ice in the central arctic, J. G’cophzJs.  JI’cs.,

S:3(C7), 3646 -365S, 1978.

>ghicm, S. V., 31. Borgeaud,  J. A. Kong, a[ld R. T. Shin, Polarimetric  remote sensing

cjf geophysical media with layer  random lneclium  model, Progress in Elect  romagnctics

h’cscarch, vol. ;?: Polarimefric Rcnzotc  .’$~nsing, Chap. 1, eel. by J. A. Kong, pp. 1-73,

Illsevier,  New York, 1990.

~gllieltl, S. V., S. II. Ytleh,  R. Kwoli,  and l:. K. I,i, S y m m e t r y  p r o p e r t i e s  i n  polarimetric

remote sensing, Radio Sci., , 27(5),  693-711, 1992.

Xghiem, S. V., R. Kwok, J. A. Kong, alld  R. ‘1’. Shin, A model with ellipsoidal scatterers for

polarimetric  remote sensing of anisotropic  layered  media, Radio Sci., , 28(5), 687-703,

1993a.



Xgllielll,  S. V., T. I.c Toan, J. 11. Kong, 11. C. }Ian, and M. Ilorgeaucll  I,ayer  lnodel  w i t h

ral)donl spheroidal scatterers for remote sensing  of vegetation canopy, J. L’lectromagn.

I! ’al’c.s Appl., , 7(1),49-76, 1993b.

OIlstott, 1{. C., I)olarilnetric  radar measurcmcmts  o f  a r t i f i c i a l  sea  i ce  dur ing  CRREl,-

l~,X’88, Tech. Rep. J96100-23-  7’, ltnvironlnental  Research Inst i tute of  hlichigan,  ~lnn

Arbor, 1990.

liichter-hlenge,  J. A., and 1). K. l’erovich , Surface characteristics of lead ice, Supplement

to 1{0S,  l’ronsaction.s,  American Geophysical Union, 73(43), 290, Oct. 1992.

l{ig[lot,  };. a n t ]  h!. l)rinkwater, Winter sea ice mapping from multi-parameter synthetic

al)erture radar. J .  of L’laciology, submittccl.

Stogryn,  A., ancl G, J. Ikwargantl l’he clielcctric  l)roperties  of brine in sea ice at microwave

frcquel~cics,  IEEE Transactions on Antennas and Propagation, AP-33(5), 523-532, May

19$5.

“1’illri,  NI. 11., A, 11. Sihvola,  I?. G. NyfOrs, allcl  il. ‘1’. ]Iallikainen,  ‘l’he cotnplcx d i e l e c t r i c

constallt  of snow at microwave frec~uencics, lk,’!+,’E Journal of Occan  Engineering, OE-

9(5),  377’-3S2, lkcember  19S4,

‘1’sang,  1,., Z. Chen, S. Oh, R. J. Marks 11 and A. T. C. Chang, Inversion of snow parameters

from passive microwave measurements by a neural network trained with a multiple

scattering model. lEEE Tkans.  Gtosci. Rf?note  Sins., , GE-30(5), %ptenlber, 1992.

“]’SaIlg,  1,., ancl  J. A. Kong, Scattering of clc~tromagnetic  waves  from  random media with

strong permit tivity  fluctuations,” ltadio S’cicncc,  16(3), 303-320, May-June 19S1.

‘1’sal~g, 1,., J. A. Kong, and R. T. Shin, 7’// cory OJ ,Ificrowave  Remet c Sensing, John \Viley,

New-York, 19S5.

\YcTks,  W. F, and  S .  F. Acliley, I’he grou’(h, SIrUC(Urel  and properties oj sea ice, LTS Army

~~orps of Iflnginems CRRE1, hfonogral~ll  S?- 1, 130 pp., 19S2.



\\’eI~, T., W. J. E’elton,  J. C. I,uby,  W. I.. J. 1’ox, and K. I,. Kientz, E1lvironmerltal  nleasure-

ments  in the Bcaufort  Sea, Spring 19S8, App~ied  }~hysics Laboratory Technical  Report

Al,l]-bTW TR 8822,  University of \l’ashington,  19S9.

\Villcl~rel]I~cr,I1.  P., l,. Tsang, Il. Wcn,  and 1/. }Vest, Sea-ice characterization measurements

needed for testing of microwave remote sensing models, 11.’l~E  J. Oceanic. L’ng., 14(2),

149-157, 19s9.



) Angle I UHH

H=
37 degree 4.343x 10-3

40 degree 3.861 X 10 -3

43 degree 3.392x 10 -3

46 degree 2.962x 10 -3

I 49degree I 2 . 5 7 6  x 1 0 - 3

OH v

5.616 X 10-4

5.033 x 10-4

4.458x 10 -4

3.899 x 10-4

3.362x 10 -4

—.—
Uvv Re(uhhvv) z~(uhhvv)— .— .

5.876 X 10-3 4.239 X 10 -3 -1.788 X 1 0-4

5.265 X 10-3 I 3.417 x 10-3

I -1.603 X 1 0-4

5.078 X 10-3 3.151 x 10-3 -1.452 X 1 0-4

Table 1a. Normalization constants of the training data at C band.

1
Angle

37 degree

40 degree

43 degree

I 46 degree

I 49 degree

6.205 X 10 -4 I 1.055 X 10-4 [ 1.191 x 10-3 I 6.089 X 10-4 I -3.368 X 10-5

L-. - I __-————.~

5.051 x 10-4 9.476 X 10-6 9.889 X 10-4 4.790 x 10-4 –3.358 X 1 0-5

4.128 X 10-4 8.393 X 10-5 8.268 X 10-4 3.808 X 10-4 –3.262 X 1 0-6

3.368 X 10-4 7.325 X 10-6 6.959 X 10-4
3.054 x 10-4 -3.086 X 1 0-5

Table lb. Normalization constants of the training data at L band.



Captions

‘olarimetric  SAR scene used in this study. (Scene 1372: Beaufort Sea three

frequency powqr  image acquired at ‘i3°2.9’N,  112017.1 ‘W at 1720GAIT  on hlarch  11, 1988. )

l’igurc  2. (a) Kc band (KRhfS) scanning radiometer  ilnagc  of the same scene collected

al)proximatcly  10 minutes ahead of the overflight; (b) Brightness temperature of the ice in

the four leads.

l’ig~llc  3. Configuration of layered scattering nwdel with description of ice properties of the

Ia>crs al)d tile irlterfaces.

l“igure  4. Model  calculated polarimctric  signature for different thicknesses. (a) C-band, (b)

J,-l}alld.

l’ig~lre 5. Comparisons of the C-band polarimetric  observations with model calculations. (a)

liacliscatter  coefflcientsl  (b) Magnitude of correlation coefficient, and (c) Phase of correlation

(cwfficient.

lig~ll(.  ~. CoIIlparisons  o f  t he  I,-band  po]arimetric observations  with model  calcu]atioIls.  ( a )

l~ackscatter  coefficients, (b) hfagnitucle of correlation coefficient, and (c) Phase of correlation

cocfficicnt,.

lig~lrc 7. Comparisons of the I.-band polarilnetric  observations with model calculatiolls,  (a)

IIackscattcr coefficients and (b) Magnitude of correlatiorl  coefficient.

J’igure  S. Comparisons of measured and calculated correlation coefllcients.  The solid curves

are calculated from the complete composite model. The dash curves are for surface scattering

\vith no volume scattering. (a) C band ant] (b) 1. band.

I’igure  9. Comparisons of measured and calculated correlation coefficients. The solid curves

g :3



are calculated from the cotnplcte  composite model with ellipsoidal brine inclusions. ‘J’lle

dash curves are for spherical brine inclusiolls.  (a) C band and (b) 1, band.

f’igure  10. Variations in the calculated correlation coeficicnts  due to +25’%0 change in ratios

of l~rinc  correlation lengths. For each type  of backscatter  cocfflcient,  the upper curve is for

I Ilc incrcasc in the correlation lengths, the lower is for the decrease, and the middle is the

sanlc as tllc  curves plotted in Figures 3 and 4. (a) C band and (b) I, band.

I’igurc  11. .4n approach to retrieve ice thickness from polarimetric  SAR data.

lig,ure  ]2. Charac te r i s t i c s  o f  the  normal ized  t r a in ing  da tase t  a t  40° .  ( a )  C-band  and  (b )  ~

1,-l) aJld.

l~i~,urc 13. Estimation errors after 70,000 iterations through the backpropagation  training

{)rocc’dulx’.

l’i~,um 14.(a) hlask  for thick ice. (b)  I;stiInated  dis tr ibut ion of  ice th i ckness .  .

]Jir;urc  15. Thickness distribution obtained with  C- and L-band  SAR data.

l’igure  16. Average thickness as a function of i)]cidence  angle.

I’igLlre ]7. ScIlsitivity of retreival process to +1 dli of calibration error (a) C-band; (b)

l -band .
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\z, =  bri]lcinclusioll  frac. lolume

(2,.! = [2yt/7=.  [2.?l/7.5= 0,0001  Ill

cz~ = permit  tivity  of brine

[zb ~ l)erlnittivi~~  of ice
—

Underlying mediuln :

(-f~3, =o.00048  111, (2:),=0.0082  m

{3 =: perlnittivjty  of sea water

Physical parameters for thin lead ice



Ufi (C–band) aw (C-band)

; –25
.—v.—.
%30 –30
(-)

!!tkE!EE__
20 30 40 50

Incident Angle (degrees)

Uhv (C-band)

Thickness = 1 cm
Thickness = 3 cm
Thickness E 5 cm 4o .—

v
* -45 t I ! t

20 30 40 50

—— ——_ -—_ ——_ 1“___ ._e —._ ._ ---- ---- -- 1
EL

20 30 40 50

0.9

—. Thickness = 1 cm
Thickness = 3 cm

..— Thickness = 5 Cm
1

Incident Angle (degrees)

~1 (C-band)

[ i 1
<

————
. — —  — — —  —

. — .  —  - - - -
- .  — - —  - — - — .  —  - -

— - Thickness = 1 cm
Thickness = 3 cm

r ..— Thickness = 5 Cm

Incident Angle (degrees)Incident Angle (degrees)



; —30
.-
V.-

UM (L–band)

; —25
.-
V.-
% -30
s

EkZ%E_J
20 30 40 50

Incident Angle (degrees)

ahv (L-band)

~

‘1 ~
___ ---- ----

C - 4 0 - - - - -
a) - .

.— - .
v — . _.— - - -
z ‘ .

- 4 5 ‘+-
S 1
m

“; -50

J

— - Thickness = 1 cm
— Thickness = 3 cm

G - – Thickness = 5 cm

g - 5 5  ~ 1 t ! i
20 30 40 50

Uw (L-band)

1-
+

— Thickness = 1 cm \

Thickness = 3 cm
— - Thickness = 5 cm

$ _4(J ~
20 30 40 50

Incident Angle (degrees)

-- \ \%- \x. \ {
\

\ \
\- \ \“ \ \

“ \
“\.

b.

— Thickness = 1 cm % “ -..LI
Thickness = 3 cm
Thickness = 5 cm

‘1
IL..li..l,l.l.l--—

20 30 40 50

Incident Angle (degrees) Incident Angle (degrees)



(a) Scattering Coefficients from 1372C
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(b) Magnitude of p from 1372C
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(a) Scattering Coefficients from 1372L
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(0) Scattering Coefficients from 1372L
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(a) Magnitude of p from 1372C
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(o) Magnitude ofp from  1372C
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(o) C Bond: Correlation Lengths in Ice
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(b) L Bond: Correlation Lengths in Ice
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POLARIMETRIC  SAR DATA DERIVED ICE THICKNESS

THICKNESS DISTRIBUTION
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